Non-immunospecific association of immunoglobulin G with chromatin during elution from protein A inflates host contamination, aggregate content, and antibody loss  by Gagnon, Pete et al.
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a  b  s  t  r  a  c  t
Monoclonal  IgG  at pH  3.5 expressed  a tendency  to self-associate  and  associate  non-speciﬁcally  with  sur-
faces,  including  the  surfaces  of precipitated  chromatin  heteroaggregates.  The  tendency  was  elevated  with
protein  A-eluted  IgG still  in  elution  buffer  (100  mM  acetate,  pH  3.5).  Association  of IgG with  chromatin
elements  under  protein  A  elution  conditions  ampliﬁed  host  protein  contamination  of the  elution  fraction
about  15-fold,  caused  formation  of  aggregates  that  persisted  after  pH  neutralization,  and  imposed  an
approximate  5%  loss on  IgG recovery.  Neutralization  released  eluted  IgG  from  its  low  pH  associationseywords:
rotein A
gG
hromatin
ost contamination
with  chromatin  and caused  heteroaggregate  remnants  to associate  into  large  particles  easily  removed  by
microﬁltration.  Most  effective  host  contaminant  clearance  was  achieved  by  ﬁltration  after  neutralization
to  pH  5.5. All  chromatin-mediated  liabilities  were  suspended  by extraction  of chromatin  heteroaggregates
in  advance  of protein  A.
ublisggregation
ecovery
©  2015  The  Authors.  P
. Introduction
Protein A denatures IgG upon binding [1,2], and low pH elu-
ion compounds that denaturation, creating a highly disordered
onformation about half the hydrodynamic size of native IgG that
ersists until the antibody is exposed to physiological conditions
3]. The denatured conformation exhibits an elevated tendency
o associate with relatively inert surfaces, indicated by its fail-
re to elute from a size exclusion chromatography (SEC) column
quilibrated to protein A elution conditions. It also manifests higher
ulnerability to aggregate formation than native IgG exposed to
quivalent conditions.
Host contaminants remain accessible to IgG during elution from
rotein A even after extensive and aggressive washing [4]. Chro-
atin heteroaggregates consisting of non-histone host proteins
ccreted onto nucleosomes bind protein A more strongly than IgG.
ome contaminant subsets leach from these heteroaggregates dur-
ng IgG elution while others remain bound to the protein A. Eluting
gG has access to both. This creates potential for IgG–contaminant
nteractions that would not occur under physiological conditions.
The study describing the reduced-size conformation of protein
-eluted IgG was performed exclusively with highly puriﬁed IgG.
∗ Corresponding author. Tel.: +65 6407 0941; fax: +65 6478 9561.
E-mail address: pete gagnon@bti.a-star.edu.sg (P. Gagnon).
ttp://dx.doi.org/10.1016/j.chroma.2015.07.017
021-9673/© 2015 The Authors. Published by Elsevier B.V. This is an open access article 
/).hed  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
The present study explores the additional dimension of associations
between protein A-eluted IgG and chromatin elements under elu-
tion conditions, and evaluates their practical impact on puriﬁcation
performance of protein A afﬁnity chromatography.
2. Materials and methods
2.1. Reagents and equipment
Buffers, salts, and reagents were obtained from Sigma–Aldrich
(St. Louis, MO), except allantoin, which was  obtained from Merck
Millipore (Darmstadt, Germany). Toyopearl® AF-rProtein A-650F
was obtained from Tosoh Bioscience (Tokyo). UNOsphereTM Q was
obtained from Bio-Rad Laboratories (Hercules, CA, USA). CaptoTM
adhere and MabSelectTM SuRe were obtained from GE Healthcare
(Uppsala, Sweden). EshmunoTM HCX was  obtained from Merck-
Millipore (Bedford, MA,  USA). Chromatography media were packed
in XK or TricornTM series columns (GE Healthcare). Chromatogra-
phy experiments were conducted on an ÄKTATM Explorer 100 or
Avant 25 (GE Healthcare).
2.2. Experimental methodsA prospective biosimilar IgG1 monoclonal antibody
(Herceptin®) was expressed by mammalian cell culture in Chinese
hamster ovary (CHO, DG44, Life Technologies, Carlsbad, CA) cells
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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sing a tricistronic vector developed by Ho et al. [5]. Antibody was
roduced in 5 L BIOSTAT® B stirred-tank glass bioreactor (Sartorius
tedim Biotech) fed-batch cultures using protein free medium
onsisting of an equal ratio of CD CHO (Life Technologies) and HyQ
F (GE Healthcare). Cultures were harvested at 30–50% viability.
umps were avoided during harvest to minimize potential cell
isruption.
A parental line of CHO DG44 cells licensed from Life Tech-
ologies was cultured as above and used as a null cell line (not
xpressing IgG).
Traditional harvest clariﬁcation was performed by centrifu-
ation at 4000 × g for 20 min  at room temperature, followed by
ltration through 0.22 m membrane (Nalgene® Rapid-Flow Fil-
ers, Thermo Scientiﬁc, Waltham, MA). Clariﬁed harvests were
tored at 2–8 ◦C for short-term usage or −20 ◦C for long-term
torage.
Some of the experiments in this study employed highly puriﬁed
gG to eliminate ambiguity among experimental results. Chromatin
as extracted in advance as described in [6]. In brief, caprylic acid
as added to cell-free culture harvest to a ﬁnal concentration of
.4%, and allantoin to a ﬁnal concentration of 2%. pH was  adjusted
o 5.3 with 1 M acetic acid, and the mixture stirred for 2 h. UNO-
phere Q pre-equilibrated with 50 mM MES, 150 mM NaCl, pH 5.3
as added at a proportion of 5% (v/v) and mixing continued for
t least 4 h. Solids were removed by centrifugation and/or micro-
ltration. Protein A afﬁnity chromatography was performed with
0 mL  of media packed in a XK 16/20 column (10 cm bed), run at
inear ﬂow rate of 300 cm/h (volumetric ﬂow rate 10 mL/min). The
olumn was equilibrated with 5 column volumes (CV) of 50 mM
EPES, 120 mM NaCl, pH 7.0 (HBS). 500 mL  of chromatin-extracted
ell culture supernatant was loaded and the column washed with
0 CV HBS, in some experiments, a second wash with 10 CV of
0 mM Tris, 2 M NaCl, pH 8 was included and followed by a third
ash with 10 CV HBS. Antibody was eluted with a 10 CV step to
00 mM acetic acid, pH 3.5. Protein was collected from the point
here UV absorbance at 280 nm reached 50 mAU  to the point
here it descended below that value. The column was cleaned
ith 20 CV of 0.1 M NaOH. Aggregates, antibody fragments, DNA
nd residual host cell proteins were further removed by titrating
he protein A eluate to pH 8.0, adding NaCl to 1 M,  and loading
0 mg IgG onto a 4 mL  Capto adhere (Tricorn 10/50 at a linear
ow rate of 150 cm/h, volumetric ﬂow rate 2 mL/min). The column
as washed with 10 CV of equilibration buffer and antibody and
luted with a 10 CV step to 50 mM MES, 0.35 M NaCl, pH 6.0. Pro-
ein was collected from the point where UV absorbance at 280 nm
eached 50 mAU  to the point where it dropped below that value.
he column was cleaned with 10 CV of 100 mM acetic acid, pH
, then 20 CV of 1 M NaOH. Antibodies puriﬁed by this process
ypically contained <2 ppm host cell protein (HCP), <1 ppb DNA,
nd ≤0.1% aggregates. DNA was extracted from CHO cell culture
arvest with a NucleoBond® CB kit for genomic DNA puriﬁcation
Macherey-Nagel, Düren, Germany), according to the manufac-
urer’s recommendations. 10 mL  of the extract was then ﬂowed
t 150 cm/hr through a 4 mL  HCX column packed in Tricorn 10/5
quilibrated to 50 mM MES, 100 mM NaCl, pH 6.0 to reduce histone
nd nucleosomal remnants. The column was cleaned with 20 CV of
 M NaOH.
Histones were extracted from CHO cell culture harvest begin-
ing with 1 h incubation in 200 mM hydrochloric acid, 1.5 M NaCl,
.1% NonidetTM NP 40, 0.2% ethacridine, followed by ﬁltration
hrough a 0.22 m membrane ﬁlter to remove solids. The ﬁl-
rate was puriﬁed by void exclusion anion chromatography on
NOsphere Q according to [7], in 50 mM Tris, pH 8.0. Further
oncentration was performed by Vivaspin 15R centrifugal concen-
rators (Sartorius Stedim Biotech, Goettingen, Germany) with 2 kDa
olecular weight cut-off (MWCO).. A 1408 (2015) 151–160
DNA was extracted from CHO cell culture harvest with a
NucleoBond® CB kit for genomic DNA puriﬁcation (Macherey-
Nagel, Düren, Germany), according to the manufacturer’s recom-
mendations. 10 mL  of the extract was  then ﬂowed at 150 cm/h
through a 4 mL  HCX column packed in Tricorn 10/5 equilibrated
to 50 mM  MES, 100 mM NaCl, pH 6.0 to reduce histone and nucleo-
somal remnants. The column was  cleaned with 20 CV of 1 M NaOH.
Smaller scale protein A experiments with the same buffers were
used to produce some experimental materials. These experiments
employed a Tricorn 5/50 column packed with 1 mL  of media, run
at 150 cm/h. In one series, a column was  loaded with 35 mL  of null
cell culture harvest clariﬁed by the traditional method described
above, then washed 55 CV with HBS and eluted as described above.
In a variant of that experiment, the column was  loaded with 35 mL
clariﬁed null harvest and washed 30 CV, then loaded with 10 CV
highly puriﬁed IgG as described above, then washed 15 CV and
eluted as above. In another variant of that experiment, the col-
umn  was loaded with 10 mL  of a mixture containing DNA extracted
from traditionally clariﬁed harvest and histones extracted from tra-
ditionally clariﬁed harvest, then washed 30 CV. The column was
subsequently loaded with 10 CV highly puriﬁed IgG then washed
15 CV and eluted as above. In a different scale-down variation, tra-
ditionally clariﬁed cell culture harvest was  loaded, washed 30 CV
with HBS, then washed 10 CV with 50 mM Tris, 2 M NaCl, pH 8.0,
and washed again with 15 CV of HBS prior to elution.
Experiments to characterize solubility and turbidity of different
IgG preparations were conducted with highly puriﬁed IgG as pre-
pared above. IgG for some experiments was prepared by titrating it
to pH 3.5 with 1 M acetic acid. IgG for other experiments was pre-
pared loading the highly puriﬁed IgG onto a clean protein A column,
washing and eluting it, but leaving the IgG in the 100 mM acetate
pH 3.5 elution buffer. DNA and/or histones extracted as described
above were added to IgG in the following proportions/volumes:
165 g DNA to 8.5 mg  IgG in 10 mL;  220 g histones to 8.5 mg IgG
in 10 mL;  165 g and 220 g histones to 8.5 mg IgG in 10 mL. In
a follow-on series of experiments, samples at pH 3.5 were subse-
quently titrated to pH 6.5 with 3 M Tris.
2.3. Analytical methods
Non-histone host cell protein (HCP) content was  estimated by
ELISA with a Generation III CHO HCP kit from Cygnus Technologies
Inc. (Southport, NC). The qualiﬁcation of non-histone HCP is used
because this assay is unable to detect histones [4].
Histone concentration was  estimated with a Total H3 Histone
kit from Active Motif (Tokyo), or with a PathScan® Total Histone
H3 Sandwich ELISA Kit (Cell Signaling Technology Inc., Danvers,
MA), following sample extraction as described above. Total his-
tone values were estimated as 4.5 times the amount of H3 to adjust
for the normal distribution of histones in chromatin of living cells:
H1(H2a,H2b,H3,H4)2.
DNA content was measured using a QX100TM Droplet DigitalTM
PCR System (Bio-Rad Laboratories) designed for absolute quanti-
tation of DNA copy number. Samples were prepared according to
manufacturer’s recommendations. In brief, they were digested by
proteinase K (adding 10% v/v of 2 mg/mL  proteinase K in 5% SDS to
sample) for 16 h at 50 ◦C, followed by DNA extraction using either
a DNA extractor kit (Wako, P/N 295-50201) or QIAamp viral RNA
mini kit (Qiagen, P/N 52906). TaqMan PCR reaction mixture was
assembled from a 2 × ddPCR Mastermix, 10 × primer and probes
(resDNASEQTM Quantitative CHO DNA Kit, Applied Biosystems, Fos-
ter City, CA) and DNA sample in a ﬁnal volume of 20 L. Each
reaction mixture was  loaded into a sample well of an eight-channel
disposable droplet generator cartridge, then 70 L of droplet gen-
eration oil. Generated droplets were transferred to a 96-well PCR
plate, heat-sealed, then placed on a thermal cycler and ampliﬁed
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chromatin, and not because of the native solubility properties of
the individual HCP species.
Fig. 3, showing non-reduced SDS–PAGE of precipitate and super-
natant at each pH point, provided orthogonal conﬁrmation of IgGs
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o end-point by denaturation at 95 ◦C for 10 min, followed by 40
ycles of 95 ◦C for 15 s then 60 ◦C for 1 min. Analysis was performed
ith QuantaSoft analysis software (Bio-Rad Laboratories). Corre-
ation between DNA copy number and DNA concentration was
ased on CHO host cell DNA standards from Applied Biosystems
resDNASEQTM Quantitative CHO DNA Kit).
Aggregate content was measured by analytical size exclu-
ion chromatography (SEC) with a G3000SWxl column (Tosoh
ioscience) on a Dionex UltimateTM 300 HPLC system (Thermo
cientiﬁc) operated at a ﬂow rate of 0.6 mL/min, using a buffer for-
ulation of 50 mM MES, 20 mM EDTA, 200 mM arginine, pH 6.0.
ample injection volume was 100 L. Details for other SEC experi-
ents are described in the following section.
Recovery of non-aggregated IgG was also monitored by SEC,
omparing experimental results with a calibration curve prepared
rom known quantities of injected puriﬁed IgG.
Non-Reduced SDS–PAGE was performed on 4–15% CriterionTM
GX Stain-FreeTM Gel (Bio-Rad). Protein bands were visualized with
ilver to detect low-level proteins.
Sub-m solute size distributions in free solution were char-
cterized by dynamic light scattering (DLS) using a Zetasizer ZS
Malvern Instruments, Worcestershire, UK). The sample (200 L)
as mixed gently for 10 s on a vortex before being placed into a
uartz cuvette (ZEN2112, Malvern Instruments) using a gel load-
ng tip to avoid bubbles. Viscosity of the carrier solution was
etermined using a SV-10 viscometer (A&D Company, Tokyo). The
ackscattered light at 173◦ was measured and 3 measurements
ere averaged. Attenuation index was maintained at a value of
–8. Analysis of the data was performed using version 7.02 of the
ispersion Technology Software provided by the manufacturer.
Analysis of m range particle size distributions was performed
y laser diffraction with a Microtrac Bluewave particle analyser
Microtrac, Montgomeryville, PA, USA). Refractive index of the pre-
ipitate and carrier solution was measured with a refractometer
Refracto 30PX, Mettler Toledo Internation, Inc, Columbus, OH,
SA). The particle size of the sample was obtained by priming
he laser diffraction unit with 50 mM HEPES pH 7.0 buffer solu-
ion, while ﬂow was set at 70%. Samples were gently mixed using
 vortex before slowly loaded into the unit until optimal obscura-
ion of 0.1–0.3 was obtained. The protein refractive index was 1.59,
bsorbing and irregular.
Turbidity expressed in nephelometric turbidity units (NTU)
as measured with an Orion AQ4500 Handheld Turbidity Meter
Thermo Scientiﬁc).
Other experimental details are described or reiterated for clarity
n the following section.
. Results and discussion
pH 3.5 was used to model protein A elution conditions through-
ut this study because the second constant region of the heavy
hain (C2) is known to become progressively denatured by expo-
ure to pH values below 3.5, leading to complete loss of C2
tructure at pH 3.1 [8]. Use of pH values below 3.5 would have made
t impossible to discriminate and objectively characterize the inﬂu-
nce of other variables. The antibody used to conduct these studies
as previously documented to elute fully from protein A in 100 mM
cetate, pH 3.5 [3,4].
Experiments with cell culture harvest or chromatin elements
re designated as such. Otherwise, experiments were performed
ith highly puriﬁed IgG (<2 ppm HCP, less than 1 ppm DNA, <0.1%
ggregate). The term protein A-denatured IgG refers to the 5.5 nm
onformation eluted from protein A at pH 3.5. The term native size
gG refers to the normal 11.5 nm conformation. Native size should
ot be understood to mean native conformation since pH 3.5 has. A 1408 (2015) 151–160 153
been shown to create minor disorder in antibody structure inde-
pendently from other sources of stress [3,8].
3.1. Associative tendencies of IgG under acidic conditions
Solubility of IgG was evaluated as a function of pH with the
premise that its behavior in free solution might provide insights
about its behavior inside a protein A column during elution. For
puriﬁed native size IgG in buffer, there was  a shallow but appar-
ent trend toward reducing solubility against decreasing pH, with
98% remaining soluble at pH 3.5 (Fig. 1). With nothing but IgG and
buffer in the samples, the 2% loss was  interpreted to indicate a
tendency toward self-association, leading to formation of insoluble
particles that were removed by centrifugation. Other data showed
a broader tendency for IgG to form stable non-speciﬁc associations
with surfaces at low pH.
When native size IgG was applied to a SEC column equilibrated
with 100 mM acetate, pH 3.5, antibody was  absent from its nor-
mal  elution time of about 14.7 min  under physiological conditions
(Fig. 2, panel 1). Most of it eluted at about 20 min, indicating its
transport through the column was retarded (Fig. 2, panel 2). This
was an important result because it showed that despite solubility
being reduced only 2%, the entire IgG population was affected by the
low pH. Circular dichroism spectroscopy and high resolution 2D-
NMR  have both documented minor structural perturbation of the
C2 domain at pH 3.5, but no major changes in domain architecture
of the antibody as whole (3.7). The implication is that IgG’s ten-
dencies toward self-association and non-speciﬁc association with
surfaces are mediated by these small structural changes. The fur-
ther implication is that they might also enhance association of the
perturbed IgG with other surfaces.
Solubility of IgG in harvest at pH 3.5 was much lower than
puriﬁed IgG in buffer, only 82%. This was accompanied by heavy
precipitation of other species. Fig. 1 indicates that the primary
precipitated species were chromatin heteroaggregates. Consistent
with their reduced solubility, chromatin heteroaggregates in cell
culture harvests have been shown to range in size from 50 nm to
400 nm [4,6]. The DNA and histone proteins that make up their
nucleosomal array cores were precipitated entirely at pH 3.5. Non-
covalently associated non-histone HCP contribute 80% or more of
the total heteroaggregate mass [4,6]. This suggests that the 40%
loss of HCP at pH 3.5 resulted from its pre-existing association withpH
3.5             4.0    4.5           5.0      5.5             6.0        6.5    7.0
Fig. 1. Solubility of puriﬁed IgG in buffer and IgG in cell culture harvest as a function
of  pH.
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pA-eluted IgG, pH 3.5
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10             20            30
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Fig. 2. Non-speciﬁc association of IgG with SEC media. Absorbance at 254 nm inc
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tig. 3. Non-reduced SDS PAGE of harvest precipitates and supernatants at different
H values.
rogressive loss of solubility with decreasing pH. This was docu-
ented by its increasing presence in the precipitate fraction, but
ote also the dominating presence of histones across the precip-
tate fractions and their relative absence across the supernatant
ractions. Fig. 3 further highlights the diversity of non-histone host
rotein species associated with chromatin heteroaggregates.
The shape of the IgG-in-harvest precipitation curve in Fig. 1
eanwhile supports the hypothesis that its loss of solubility at
H 3.5 was mediated largely by its non-speciﬁc association with
he surfaces of precipitated chromatin heteroaggregates. Note the
hape of the DNA and histone curves, and that they are almost
ompletely precipitated even at pH 4.5. If the dominant IgG-
ssociative force in the system was a direct chemical interaction
ith chromatin, then it should have inﬂuenced the shape of the
gG precipitation curve. An example of this is provided by the HCP
urve. Its response is less extreme than the chromatin components
ecause a large proportion remains soluble, but it otherwise tracks
ith chromatin, descending most steeply in the range of pH 6.5 to
.5, and much less from 4.5 to 3.5.
The in-harvest-IgG showed a different response. Instead, it rep-
esented a larger amplitude variant of the in-buffer-IgG curve, with
he same relationship to pH as the in-buffer-IgG. This suggests its
esponse was driven principally by its own native solubility prop-
rties, and the larger amplitude compared to in-buffer-IgG reﬂects
he availability of a non-speciﬁc adsorptive surface, provided in this
ase by precipitated chromatin heteroaggregates.
.2. Elevated associative tendencies of protein A-denatured IgG.2.1. Associations at pH 3.5
Fig. 2, panel 3 illustrates the application of protein A-denatured
gG to a SEC column equilibrated to 100 mM acetate, pH 3.5. It failed
o elute, as reported previously [3]. However it desorbed when thee, min
reases at ∼50 min  because the incoming buffer absorbs at that wavelength.
column was  re-equilibrated with a solubilizing buffer as above.
This documented the elevated tendency of protein A-eluted IgG
to participate in non-speciﬁc associations, compared to native size
IgG under the same buffer conditions (Fig. 2, panel 2). It further
suggested that protein A-denatured IgG might be more prone to
non-speciﬁc association with precipitates than native size IgG.
Fig. 4 illustrates % soluble IgG and turbidity in 0.45 m mem-
brane ﬁltrates after puriﬁed native size IgG was  titrated to pH 3.5
and compared with protein A-denatured IgG still at pH 3.5. Note
that protein A-denatured IgG was obtained from a protein A column
loaded with puriﬁed IgG. Both antibody preparations remained
almost entirely soluble as pure IgG but all mixtures with chromatin
elements produced precipitates, and the response was dramatically
greater for protein A-denatured IgG still at pH 3.5.
Addition of histones to the pH 3.5 antibodies produced a mod-
est response, with negligible effect on native size IgG titrated to pH
3.5, but reducing solubility to 87% for protein A-denatured IgG still
at pH 3.5 (Fig. 4, panel 1). Addition of DNA, alone or in combina-
tion with histones, reduced the solubility of both IgG conformations
to ∼70%. Addition of DNA to protein A-denatured IgG still at
pH 3.5 reduced solubility to 61%. Addition of DNA  plus histones
reduced solubility to 43%. Turbidity showed the same trends (Fig. 4,
panel 2).
3.2.2. Associations persisting after pH neutralization
Fig. 5 illustrates % solubility and turbidity following sequential
exposure of IgG to pH 3.5 then pH 6.5. Puriﬁed IgG of both confor-
mations was fully recovered after neutralization to pH 6.5 (panel
1). Recovery was  greater than 95% for both conformations mixed
with histones. Recovery was reduced ∼5% for native size IgG in
the presence of DNA titrated to pH 3.5 then pH 6.5, but solubility of
protein A-denatured IgG combined with DNA before neutralization
was less than 50%. Recovery of native size IgG with DNA and his-
tones was  nearly 95% after neutralization, but protein A-denatured
IgG combined with DNA and histones was  less than 20% soluble.
Turbidity reﬂected the same trends (Fig. 5, panel 2). Turbidity
was less than 5 NTU for samples containing IgG only or IgG plus
histones, and similarly low for native size IgG mixed with DNA and
native size IgG mixed with DNA and histones. In dramatic contrast,
protein A-denatured IgG combined with DNA produced a turbidity
value of 160 NTU. Protein A-denatured IgG combined with DNA and
histones produced turbidity of 212 NTU.
The disproportionate response of protein A-eluted IgG com-
bined with DNA was also revealed by dynamic light scattering
(Fig. 6). DNA combined with native IgG at pH 3.5 then titrated to pH
6.5, showed the presence of non-aggregated IgG, 90 nm aggregates,
and a smaller proportion of particles approaching 1 m. Protein
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IgG +histone +DNA +his & DNA IgG +histone +DNA +his & DNA
Soluble
% 
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Fig. 4. Solubility and turbidity at pH 3.5 of IgG and mixtures with DNA and histones.
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Fig. 5. Solubility and turbidity IgG and mixtures with DNA and histones at pH 3.5 then neutralized.
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-eluted IgG combined with DNA then neutralized was completely
ominated by 1–2 m particles.
Figs. 2–6 emphasize several important points, ﬁrst that protein
-denatured IgG has a much higher tendency than native size IgG to
orm non-speciﬁc associations with surfaces, including the surfaces
f precipitated chromatin heteroaggregates. Second, that protein A-
luted IgG has a particular tendency to associate with DNA at pH 3.5,
nd those associations produce effects that persist after neutral-
zation. Third, although histone–IgG interactions are weaker than
NA–IgG interactions, histones in combination with DNA impose
arger effects than DNA alone.
.2.3. Preferential association of chromatin elements with protein
-denatured IgG
The strongly deﬁned chemical character of DNA provides insight
nto the probable cause of its strong interactions with IgG. DNA
ncludes a pair of negatively charged phosphoryl oxygen atomster, nm
 mixtures at pH 3.5 then neutralized.
at every base pair node, making it essentially a high charge-
density liquid-phase cation exchanger. IgG binds strongly to cation
exchangers at low pH. This explains their initial attraction, but it
seems doubtful that the mature association is limited to this mech-
anism. DNA–protein interactions are extensively documented to
include metal afﬁnity, hydrogen bonding, and van der Waals inter-
actions [8–10].
Histones provide a revealing counterpoint. IgG1 monoclonal
antibodies tend to be weakly alkaline. Histones are strongly alka-
line [11,12]. Their common electropositivity should manifest as
mutual repellency even under physiological conditions. Proteins
become more electropositive with decreasing pH. This should
increase intensity of repellency between histones and IgG at pH
3.5 and discourage their association. Mutual repellency between
IgG and histones might therefore have been expected to moderate
the effects of DNA–histone mixtures, but the opposite effect was
observed (Figs. 4 and 5).
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This provides another useful insight, leading back to the insol-
bility of chromatin heteroaggregates in cell culture harvest pH
.5 (Fig. 1). It seems reasonable to assume that an artiﬁcial
NA–histone mixture would also be poorly soluble at low pH, and
hat poor solubility would produce a larger precipitate mass, as cor-
oborated by the elevated turbidity shown in Fig. 5, panel 2. A larger
recipitate mass would logically correspond with a larger cumula-
ive surface. This suggests the greater loss of IgG from DNA–histone
ixtures compared to IgG with DNA alone, probably reﬂects a
ynergistic contribution by the inherent tendency of IgG to form
on-speciﬁc associations with surfaces at low pH.
.3. Formation of persistent aggregates by IgG–chromatin
ssociations at acidic pH
Low pH elution of protein A columns has long been considered a
ontributor to formation of IgG aggregates [13–15]. The assumption
as generally been that low pH itself is independently sufﬁcient
o promote aggregate formation. For elution at pH 3.5 and above,
ecent results from two different research groups suggest this is an
versimpliﬁcation.
In one study, puriﬁed native size IgG titrated to pH 3.5, held for
 h, then titrated to physiological conditions showed no indication
f aggregate formation [3]. Even protein A-denatured IgG was  free
f aggregates upon titration to physiological conditions. This pro-
ides an important baseline reference because it emphasizes that
H 3.5 alone is not sufﬁcient to induce aggregation of protein A-
luted IgG in the absence of other sources of stress, at least not for
his particular antibody.
In two other recent studies, Guo and Carta [16,17], revealed that
ggregates were formed as a result of an unstable intermediate hav-
ng been formed while IgG was resident on the surface of a cation
xchanger. These ﬁndings point to the idea that formation of some
ggregate populations may  be template-driven, where the interac-
ion of IgG with a particular template creates conformations that
o not occur with IgG in free solution under the same buffer con-
itions, and from which the antibody is unable to spontaneously
egain its native conformation upon neutralization.
Fig. 7, panel 3 illustrates the SEC elution proﬁle of native size
gG combined with extracted CHO DNA at neutral pH for refer-
nce. UV absorbance was monitored at 254 and 280 nm to provide
ndications of the relative proportions of DNA and protein along
he chromatogram. 254 nm was selected over DNA’s absorption
aximum at 260 nm because 254 corresponds with an absorption
inimum of proteins that improves the ability of wavelength ratios
o discriminate DNA from protein [18]. Relative UV absorbance at
54 and 280 nm for proteins and DNA is roughly reversed. This time, min
 association of IgG with DNA at pH 3.5.
relationship has been exploited for decades and shown to provide
a fair representation of DNA-to-protein ratios in mixed solutions,
including in conjunction with SEC [19].
Fig. 7, panel 4 shows creation of a persistent aggregate popula-
tion when DNA was  mixed with native size IgG, titrated to pH 3.5,
held for 1 h, then titrated to pH 6.5 and ﬁltered before SEC. Note the
UV proﬁle of the created aggregate (red triangle) was dominated by
absorbance at 280 nm This indicated its primary constituent was
IgG. The same region of the reference proﬁle at pH 7.0 (panel 3)
showed dominance by absorbance at 254 nm (DNA). These results
can be explained only by the interaction of IgG with DNA at pH 3.5
creating a class of IgG aggregates that were absent from the original
sample.
Addition of DNA to protein A-denatured IgG, followed by the
same chemical treatment created a larger proportion of aggre-
gates and of fundamentally different composition (Fig. 7, panel 5).
Dominant UV absorbance at 254 nm for all species larger than IgG
suggested that DNA itself was a signiﬁcant constituent of these
aggregates. The extent to which DNA might also have provided an
aggregation template is not clear.
As predicted by solubility and turbidity experiments
(Figs. 4 and 5), the combination of histones with DNA resulted in
a higher degree of aggregate formation than DNA alone (Fig. 8).
Note also the much lower amount of protein in Fig. 8, panel 5,
in response to heavy loss of precipitates at the ﬁltration step.
According to SEC, treatment of histone–IgG combinations at pH
3.5 did not produce aggregates that persisted at pH 6.5 (data not
shown).
The overall results of Figs. 7 and 8 should not be understood
to predict the same magnitude of aggregate formation during rou-
tine puriﬁcation of IgG with protein A. DNA and DNA/histone to
IgG ratios in the present experiments were chosen to mimic  ratios
in cell culture harvest, but data from a previous study showed
that most of the chromatin in cell harvest ﬂows through protein A
columns during sample loading [4]. About 80% of DNA was  unbound
by protein A and ﬂowed through the column, the elution contained
∼0.01%, and the NaOH peak contained ∼1%. For histones, ∼55%
were unbound, ∼0.07% occupied the elution fraction, and the NaOH
peak contained about ∼4%. These distributions counsel that the cur-
rent results are cause for increased awareness and further study,
but not for alarm.
3.4. Loss of IgG by association with protein A-retained chromatin
heteroaggregates
As noted above, the largest proportion of chromatin heteroag-
gregates accessible to eluting IgG during protein A chromatography
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esides in elements that remain bound to protein A during elution
4]. These heteroaggregates are understood to reside mostly on the
hromatography particle exteriors. On a column loaded to capacity,
hey would exist down the full length of the column, where they
ould be readily accessible to eluting IgG for up to several minutes.
ince such interactions would take place in the inter-particle void
pace, restrictions from diffusive mass transport through the pore
tructure of the particles would be negligible.
Strong association of protein A-eluted IgG with DNA and
NA–histone mixtures in free solution at pH 3.5 (Fig. 4), predicted
hat IgG must form stable associations with protein A-bound chro-
atin elements during elution. When protein A was loaded with
arvest clariﬁed by centrifugation and microﬁltration, washed,
luted, and cleaned with 100 mM NaOH, the cleaning peak con-
ained 4–6% of the total non-aggregated IgG applied to the column.ion to indicated pH values then microﬁltration to 0.45 m.
This was determined by neutralizing the NaOH peak, ﬁltering out
solids, applying the ﬁltrate to SEC, and using a pre-established cal-
ibration curve to determine the mass of IgG in the non-aggregated
peak.
The NaOH peak also contained 4–6% of the applied non-
aggregated IgG when protein A was  loaded with null harvest and
washed, then loaded with puriﬁed IgG, washed, eluted and cleaned.
The NaOH peak also contained 4–6% of the applied non-aggregated
IgG when protein A was loaded with a mixture of DNA and histones
and washed, then loaded with highly puriﬁed IgG, washed, eluted
and cleaned.These results collectively support the hypothesis that IgG bind-
ing to chromatin elements that remain bound to protein A during
elution, accounts for product losses of about 5% during protein A
afﬁnity chromatography.
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.5. Ampliﬁcation of host contamination by IgG–chromatin
nteractions during elution
Shukla and Hinckley published a landmark study in 2008 that
as ﬁrst to recognize IgG–contaminant associations detracted from
uriﬁcation performance of protein A afﬁnity chromatography [20].
hey suggested that stable associations formed between IgG and
CP in cell culture harvest, that the HCP remained associated with
gG during the washing phase of protein A afﬁnity chromatog-
aphy, and the associated HCP was carried with the IgG during
lution. Associations persisting after neutralization were suggested
o contribute to aggregate content. Their hypotheses ﬁt their exper-
mental design and data, but violated one of the most fundamental
ssumptions concerning monoclonal antibodies.
The entire ﬁelds of immunotherapy, immunodiagnosis, and the
alidity of an immense body of immunological research rely on
he premise that monoclonal antibodies are exquisitely speciﬁc
or their target antigens, especially under physiological conditions.
romiscuous non-speciﬁc association of IgG with host-derived
ontaminants in cell culture would predict the same for other phys-
ological environments, imposing a high probability of interference
ith their intended applications. Such a phenomenon should surely
ave been recognized by now.
The elevated associative tendencies of protein A-eluted IgG at
H 3.5 provide the basis for an explanation that makes it unnec-
ssary to challenge the presumption of monoclonal speciﬁcity
nder physiological conditions. A 1 mL  protein A column loaded
ith 35 mL  null harvest then washed, eluted 4.9 g HCP. This
emonstrated that the elution conditions destabilized bound het-
roaggregates, causing some of their constituents to be leached
rom elements that remained bound. Another column loaded with
ull harvest and washed, then loaded with highly puriﬁed IgG and
ashed, eluted 74.0 g HCP, an increase of 15-fold. Chromatograms
re compared in Fig. 9.
These results corroborate Shukla and Hinckley’s ﬁndings [20]
o the extent of conﬁrming that the presence of IgG elevates
he quantity of HCP in protein A eluates. They further conﬁrm
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their hypothesis that the phenomenon involves strong associa-
tions between IgG and contaminants. Where the studies differ is
that there is no possibility in the present experimental design for
the associations to have formed in the cell culture harvest under
physiological conditions.
In light of the knowledge that bound chromatin heteroaggre-
gates are accessible to IgG during elution [4], and protein A-eluted
IgG forms strong associations with chromatin under elution
conditions (Fig. 4), the present data point instead to the idea
that IgG–chromatin interactions compound the heteroaggregate
destabilizing effects of the elution buffer, and promote a higher
degree of contaminant leaching than can be accounted for by the
elution buffer alone.
This raises the question of how IgG enhances leaching of con-
taminant subsets from chromatin heteroaggregates. The speciﬁc
chemical mechanisms are probably various, but electrostatic inter-
actions with DNA suggest themselves as a primary contributor. At
pH 3.5, it seems reasonable that a gross excess of eluting IgG inter-
acting with the DNA component of chromatin heteroaggregates
would compete with pre-existing DNA associations within those
heteroaggregates, and weaken them sufﬁciently to promote further
dissociation.
These ﬁndings collectively suggest that antibody-contaminant
associations in cell harvest under physiological conditions proba-
bly do not occur to a signiﬁcant extent with the majority of IgG
monoclonal antibodies. However they do not suspend the possibil-
ity that such associations occurred with the antibodies employed
by Shukla and Hinckley [20], or the possibility they could occur
with others. Contaminant–IgG association under physiological
conditions is routine with anti-chromatin antibodies because chro-
matin structure is so highly conserved across phyla. Monoclonal
antibodies speciﬁc for chromatin from one species bind host chro-
matin expelled from dead host cells during cell culture production
[21–23]. Lacking specialized puriﬁcation procedures to dissoci-
ate the wrong-species antigen from the antibodies, they cause
immunopotency for their authentic-species antigen to vary from
lot to lot by up to a factor of 12 [23].
Reports of non-immunospeciﬁc antibody-chromatin associa-
tion during cell culture are presently limited to IgM monoclonal
antibodies where the phenomenon was attributed to extreme
charge characteristics of the antibodies favoring interactions with
both DNA and histones [18,19]. This warns that IgG monoclonal
antibodies with extreme charge characteristics may  also have an
elevated tendency to participate in such interactions.
3.6. Modulation of host contamination as a function of
neutralization conditions
Leaching of host contaminant subsets due to destabilization
of chromatin heteroaggregates during elution at low pH suggests
neutralization of protein A eluates might favor re-association of
their components. Fig. 1 also suggests that restoration of physio-
logical conditions should favor dissociation of IgG from its low pH
particle
size, µm
25
20
15
10
5
0
    7          8     9
filtr.
pH
10
8
6
4
2
0
10
8
6
4
2
0
4     5       6         7          8     9
chromatin extracted harvest
post-PA, after filtration
d to indicated pH values. Particle size by dynamic laser diffraction.
atogr
a
s
o
a
a
p
s
o
v
e
T
4
v
c
a
t
w
g
a
h
H
a
a
r
s
t
c
e
ﬁ
a
p
e
t
p
c
f
i
p
o
t
a
e
s
F
3
l
a
c
e
b
d
o
p
p
v
i
<
gP. Gagnon et al. / J. Chrom
ssociations with chromatin elements. These expectations are con-
istent with previous ﬁndings that neutralization causes formation
f turbidity, that turbidity can be removed by microﬁltration,
nd that nearly all the IgG is recovered in the ﬁltrate, mostly
ggregate-free, with substantially less host contamination than the
re-ﬁltered eluate [4,24]. In this context, Fig. 1 also suggests it
hould be possible to control HCP content of the ﬁltrate as a function
f the pH to which the eluate is titrated prior to ﬁltration.
Fig. 10 conﬁrms this prediction. Protein A was loaded with har-
est clariﬁed by centrifugation and microﬁltration, washed with
quilibration buffer, then eluted with 100 mM acetate, pH 3.5.
he preﬁltered eluate contained about 5100 ppm non-histone HCP,
10 ppm histone HCP, and 1 ppm DNA. Aliquots were titrated to pH
alues ranging from 4.0 to 9.0. Filtrate levels for all contaminant
lasses dropped steeply with gradual neutralization from pH 4.0 to
 minimum at pH 5.5 where non-histone HCP was reduced 14-fold
o 345 ppm, histone HCP was reduced 10-fold to 40 ppm, and DNA
as reduced 1000-fold to <1 ppb. Contamination levels increased
radually thereafter up to pH 8.0, then increased sharply at pH 8.5
nd 9.0.
There were indications that the behaviors of DNA and non-
istone host proteins were linked. The DNA curve paralleled the
CP curve with both reaching their minima at pH 5.5, but both
lso showing a shoulder at neutrality, followed by a saddle before
scending steeply above pH 8.0. Histone content seemed to be
elatively independent. This tended to suggest it remained more
trongly associated with the particle fraction.
Fig. 11 shows the overwhelming inﬂuence of NaCl concen-
ration. Preﬁltration treatment of the eluate with 200 mM NaCl
ompletely suppressed pH effects, fully destabilized chromatin het-
roaggregates, and released essentially all of the HCP into the
ltrate. The pH 5.5 optimum for HCP reduction became apparent
gain at 100 mM NaCl, but HCP reduction was still heavily com-
romised. To the extent modulation of neutralization pH might be
xploited as a tool to maximize overall puriﬁcation performance,
he elution buffer must be free of excess salts.
On a gross level, pre-ﬁltration turbidity was  inversely pro-
ortional to post-ﬁltration host contaminant levels, but detailed
omparison of Figs. 10 and 12 showed turbidity to be unuselful
or identifying the conditions supporting lowest ﬁltrate contam-
nation. Pre-ﬁltration particle size showed a sharp transition at
H 5.5 consistent with the idea that pH was a partial determinant
f heteroaggregate stability, but otherwise showed no correlation
o ﬁltrate contamination. This suggested heteroaggregate stability
nd ﬁltrate contamination were inﬂuenced more directly by the
ffects of pH on interactions among select contaminant subsets, as
hown by the distributions of ﬁltrate non-histone HCP and DNA in
ig. 10.
.7. Practical management of chromatin-mediated performance
iabilities
Suspension of a phenomenon by removal of a suspected causal
gent is generally understood to provide experimental proof of
ausation in itself. Changing the non-speciﬁc associative prop-
rties of protein A-eluted IgG is not realistically within reach,
ut making chromatin absent from the intra-column environment
uring elution is simple and should produce the same practical
utcome. Advance extraction of chromatin by the caprylate-solid
hase method described in this study essentially eliminated the
roduct losses observed when protein A was loaded with har-
est clariﬁed by centrifugation and microﬁltration. IgG recovery
ncreased ∼6% from an average 93% into the range of 99.2%–99.6%.
Advance chromatin extraction also reduced HCP consistently to
10 ppm, histones beneath detectability, DNA to <1 ppb, and aggre-
ates generally to about half the levels obtained when protein A. A 1408 (2015) 151–160 159
was loaded with harvest clariﬁed by centrifugation and microﬁltra-
tion; in the present experiments ∼0.8% versus ∼1.6%. Similar results
were reported from an earlier study where protein A followed
chromatin extraction by an ethacridine-solid phase method [4].
That study also showed advance chromatin extraction increased
dynamic binding capacity about 20% through suspension of pore
occlusion by 50–400 nm chromatin heteroaggregate binding to the
particle exteriors during loading.
Analysis of ﬁltrates following eluate titration to pH 5.5 showed
advance chromatin extraction also produced about a 3-fold reduc-
tion of turbidity from ∼4.5 NTU to ∼1.5 NTU (Fig. 12). This seems
a modest improvement but it is consistent with aggregate reduc-
tion and worthwile to keep in mind it also correlates with a 99%
reduction of HCP compared to protein A loaded with feedstreams
clariﬁed by centrifugation and microﬁltration [4].
These improvements suggest comparison with the decades-
old and still-continuing practice of applying chemically aggressive
washes prior to elution [4,15,20,24,25]. Application of a 2 M NaCl
wash at pH 8.0 produced a 40% reduction of non-histone HCP in
the eluted IgG fraction (from 4337 ppm to 1743 ppm), a 50% reduc-
tion of histones (from 10 ppm to 5 ppm), and a 14-fold reduction of
DNA (from 1.4 ppm to 100 ppb). IgG recovery increased only 0.3%,
from 93.4% to 93.7%, because most of the balance remained trapped
by its persistent association with still-protein-A-bound chromatin
heteroaggregate elements. The alkaline NaCl wash also failed to
compensate for the 20% loss of dynamic binding capacity [4]. Pre-
vention is clearly the better medicine, in the form of extracting
chromatin heteroaggregates before column loading.
It seems prudent in either case to neutralize the eluted IgG to
pH 5.5 before ﬁltration as a matter of routine. The technique is so
simple and so powerful that there seems little reason to do other-
wise. Since its efﬁcacy seems to reside in the associative properties
of chromatin, and since the composition of chromatin is highly con-
served, it should be expected to provide similar beneﬁts for all IgG
monoclonal antibodies eluted from protein A.
4. Conclusions
IgG monoclonal antibodies exhibit an inherent tendency toward
self-association and non-speciﬁc association with surfaces in
100 mM acetate, pH 3.5. In free-solution experiments, about 2% of
IgG becomes insoluble. In the presence of a nominally inert surface
such as the internal surface of an SEC column, transport of the entire
IgG population is retarded. In cell culture harvest, about 18% of the
IgG becomes insoluble, apparently by non-speciﬁc association with
the surfaces of precipitated chromatin heteroaggregates.
IgG eluted from protein A adopts a half-sized conformation
with reduced solubility and an elevated tendency to form non-
speciﬁc associations [3]. Exposure of this conformation to DNA or
DNA–histone mixtures at pH 3.5 causes gross precipitation and for-
mation of aggregates that persist after neutralization. Electrostatic
interactions between alkaline IgG and acidic DNA synergistically
enhance the native tendency of IgG to associate non-speciﬁcally
with precipitate surfaces.
A subpopulation of chromatin heteroaggregates remain bound
to protein A after the post-load wash [4]. Elution conditions
destabilize those heteroaggregates and cause some elements to
leach into the elution fraction. Strong associations between pro-
tein A-denatured IgG and chromatin heteroaggregates compound
destabilization of the latter, causing a larger contaminant subset to
leach into the eluted IgG.Strong associations between protein A-eluted IgG and chro-
matin heteroaggregate elements that remain bound to protein A
under elution conditions cause that IgG to be absent from the elu-
tion fraction. On protein A columns loaded with harvest clariﬁed by
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entrifugation and microﬁltration, this loss amounts to about 5% of
he non-aggregated IgG applied to the column.
pH-dependent re-association of chromatin heteroaggregates in
onjunction with neutralizing the protein A-eluted IgG fraction cre-
tes large particles that can be removed by microﬁltration. Titration
o pH 5.5 followed by microﬁltration supports more than 100-
old reduction non-histone HCP, 10-fold reduction of histones, and
000-fold reduction of DNA.
Excess host contamination, excess aggregate formation, and
xcess antibody losses from association of eluted IgG with protein
-bound chromatin heteroaggregates are all suspended by extrac-
ion of chromatin heteroaggregates prior to loading protein A.
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